Ground deformation as observed with GPS or InSAR has been broadly inverted in constraining source parameter of earthquakes. However, for earthquakes occurring beneath sedimentary basins, the very slow sub-surface shear velocity (vS, down to 200 m/s) may cause substantial bias to earthquake source inversion if simple crustal models are used. For Bohai basin, Sichuan basin and rock-sites, we test effects of sub-surface shear velocity structure on ground deformation, and find that up to a factor of 2 overestimate of seismic moment could be generated by the basin structures. Therefore, the very slow sub-surface velocity has to be taken into account before accurate source inversion can be applied.
Introduction
Earthquake source parameters such as location, depth, focal mechanism are important in seismological studies, because these parameters are key information for earthquake hazard analysis and seismogenic processes. Numerous seismological methods have been developed to study these parameters, for example the following methods are developed for focal mechanism inversion, such as the long-period surface wave inversion (e.g. Kanamori and Given, 1981) , body wave inversion (e.g. Dziewonski et al., 1981) , the cut and paste method (CAP) (Zhu and Helmberger, 1996) and near field strong motion waveform inversion (e.g. Takeo, 1987) . And many algorithms are proposed to improve earthquake location accuracy, including the methods of joint epicenter determination (Douglas, 1967) epicenter determination (Spence, 1980) , double-difference earthquake location (Waldhanser and Ellsworth, 2000) as well as the EHB method (Engdahl et al., 1998) . Earthquake source parameters have been studied with both geodetic (such as ground leveling data) and seismological methods for almost fifty years. In the past two decades, there is a boom of studies of earthquake sources with spatial geodetic data (such as GPS, In-SAR and SPOT), as well as studies of post-seismic deformation (Massonnet et al., 1993) . Unlike seismological methods with which ground truth locations are difficult to be determined, and the true ruptured fault plane is difficult to be resolved from physical and conjugative fault planes for moderate earthquakes, geodetic methods have the advantage of accurate location, focal depth, resolving power for the physically ruptured fault plane. In the study of the 1992 Landers earthquake, interferograms clearly showed that the main shock was a right-lateral strike-slip event with approximate northsouth strike, and the InSAR-inferred ground rupture agrees well with the field observation (Massonnet et al., 1993) . Moreover, recent researches on InSAR revealed that causative faults inferred by seismology methods may regularly be mistaken. In the study of 2003 Bam earthquake, the surface displacement of InSAR data revealed that slip occurred along an unknown fault (Stramondo et al., 2005) . The recent study also showed that 2010 Haiti earthquake was ruptured on an unmapped north-dipping fault named Leogane fault, instead of the Enriquillo fault of the Southern Peninsula of Haiti, which was originally thought to be the main ruptured fault (Calais et al., 2010) .
It has long been recognized that spatial variations in elastic properties have a substantial effect on the static surface displacement field (Rybicki, 1971) . Arnadottir (1995) found that inversion of finite fault slip distribution tends to be shallower for half space velocity model than for layered crustal models. Wald and Graves (2001) investigated the effects of velocity structure for both 1D layered structure and 3D structures; they found that half space inversion can overestimate slip substantially. However, all the previous studies have not discussed the effects of a very slow subsurface layer on ground deformations. For Quaternary sediments, such as Bohai basin, the shear velocity can be as low as 200 m/s (Shen et al., 2010) , much lower than the 1 km/s shear velocity used in Wald and Graves (2001) . In particular, there have been many strong earthquakes in Bohai Basin and other sedimentary basins where large population is located, geodetic methods are important in study of earthquake in these basins. Therefore it is necessary to study the effect caused by such specific structure.
In this manuscript, we first present evidence of very slow shear velocity near free surface, and then discuss its effect on ground deformation.
Synthetic ground deformation with three models
Various approaches can be applied to determining shear velocity structure, including seismic prospecting, earthquake seismology (Zhang, 2005) . After tomography was introduced to seismology (Aki and Lee, 1976) , seismological methods of studying shear velocity structure have been greatly advanced in the past 30 years. For shallow crustal studies, there are a few effective inversion methods, such as body wave travel time tomography, surface wave inversion and receiver functions.
Body wave seismic tomography is developed with similar idea as medical computerized tomography. Because S wave arrivals are much more difficult to identify, tomography studies with S wave travel time used to be much fewer than those involving P waves. But recent progress in seismic instrumentation and waveform processing techniques make it possible for studies of shear velocity structure by tomography (Zhang, 2005) . At the same time, surface wave is broadly used for inversion of shear velocity structure, both phase velocity and group velocity are sensitive to shallow shear velocity structure within depth about one third of surface wave length (Zhuang et al., 1984; Feng and Teng, 1983) .
Receiver function is a useful technique for imaging crustal velocity gradients using three components of teleseismic P waves. Langston (1979) first introduced how to isolate the horizontal component of receive function from long-period teleseismic P waveform. Then Owens et al. (1984) extended the method to broadband waveform records, and built a new inversion method. Usually three component broadband waveforms within 10 s before and about 50 s after P arrivals are used for modeling crustal structures. Borehole seismometer recording local micro-earthquakes also provides valuable data set for determining shallow shear velocity structure. The arrival time difference between direct S wave and surface-reflected wave is very sensitive to subsurface velocities (Hauksson et al., 1987) .
Here we adopt the structure of Sichuan Basin constrained from short period Rayleigh and Love waves (2 s and longer) excited by shallow earthquakes in Sichuan Basin (Figure 1 ). Because very short period dispersion data is used in velocity structure inversion, the top 3 km structure of Sichuan Basin is well constrained. Consistent with its Mesozoic sedimentation nature, the sub-surface shear velocity of Sichuan Basin is found to be within 1.8-1.9 km/s, much lower than the typical 3.5-3.6 km/s shear velocity for crystalline crustal basements. As for Bohai Basin structure, we adopt Shen et al.'s result (2010) , which is obtained by modeling direct and surface-reflected S waves recorded by borehole seismometers in capital seismic network ( Figure 2) . As expected for un-consolidated Quaternary sediments in Bohai Basin, the subsurface shear velocity is around 200 m/s, even less than 1/10 of the typical 3.5 km/s shear velocity assumed in many geodetic inversion of ground deformation data.
In this study, we choose three different shear velocity models: Bohai Basin model, Sichuan Basin model and one-layered crust model with crustal v S =3.5 km/s and thickness of 35 km. For all these three models, we compute co-seismic ground deformation for uniform seismic slip on a rectangular fault plane, using the software package EDGRN/EDCMP written by Wang et al. Green's functions of given model using the orthonormalized propagator algorithm, and the second program EDCMP carries out the convolution integrations to obtain the final deformations. When it comes to a homoge-neous half-space model, the program can be optionally switched to use the Okada's analytical approach (Okada, 1992) . Dimension of the earthquake rupture plane is chosen to be 10 km along strike by 8 km down dip, with uniform slip of 1 m. This corresponds to a M W 6.1 earthquake if it occurs in the crystalline basement with shear modulus of 2.3×10 10 N/m 2 . We study the surface deformation of the rupture with different depths at 5, 10, 15 km, respectively. The depth is defined as depth of the top of ruptured plane. The ruptures start at horizontal location (x=0, y=0) with strike of 45
• .
In Figure 3 , horizontal surface displacement (defined as total horizontal displacement ignoring directional components, i.e., east-west and north-south components) is displayed for three velocity models for different depths. It is obvious that the slow sub-surface shear velocity of sedimentary layer has substantially amplify horizontal surface deformation, in contrast, the vertical deformation is not much affected by different velocity models. The effects of sub-surface velocity structure are similar for different focal mechanisms, as demonstrated for three representative mechanisms (vertical strike-slip, vertical dip-slip and 45
• dip-slip). And the amplification effects are similar for different depths. But at depth of 15 km, ground displacement is only a few centimeters, which is difficult to be observed with InSAR. In contrast, for shallower ruptured fault whose top boundary is at 5 km, the surface displacement can be large enough for InSAR to observe. The amplification effect at this depth is more obvious in Figure 4 , where ground displacement profile along the line of y=0 is displayed. The profiles show that the effects of Bohai Basin sedimentary layer cause a doubling of displacement in all three kinds of mechanisms, while different sources result in different displacement patterns. The effects of sub-surface velocity on ground deformation are more straightforwardly summarized in Tables 1 and 2, where amplification up to two times is listed. This suggests that for an earthquake occurring around Beijing, the seismic moment inverted from GPS or InSAR data could be overestimated by a factor of two if a simple half space or one-layered crustal model is used. That corresponds to an error of 0.2 estimate of moment magnitude (M W ) , and would cause unnecessary efforts in seismic hazard mitigation.
Discussion and conclusions
Why slow sub-surface shear velocity can bring such big bias? A simple explanation is that for elastic Figure 3 ). Depth of top boundary is fixed at 5 km. Ground deformation unit is meter. medium, the lower velocity means smaller modulus. Because deformation is linear with reciprocal of modulus, slower subsurface shear velocity implies larger ground deformation given the same moment release. For seismic rupture process inversion with GPS and/or InSAR data, it is very important to account for the effect brought by the low sub-surface shear velocity for both kinds of data, especially for the components contain the horizontal displacement.
Since the first time InSAR was introduced in the observation of Landers earthquake in 1993, geodesy methods has been greatly advanced. But it seems that some of these studies ignored the effect of sub-surface sedimentary layer. For earthquakes in the regions like Landers with thin sedimentary layer, it will not cause much trouble. But for events located in the places like the valley in Yushu region or future earthquakes in Beijing area, the structure of local sedimentary (valley deposits) layer must be studied carefully before the geodesy data is used for determining of source parameters. Geodetic methods were not only applied in study of earthquakes with magnitude larger than 7, such as Landers, Hector Mine, and Izmit (e.g. Massonnet et al., 1993) , but also for smaller events, like the 1998 Zhangbei M 6 earthquake (Zhang et al., 2002) . Even for earthquakes down to M 4.7, the geodetic methods also showed impressive results (Dawson et al., 2008) . In the future, the geodetic methods can even be applied to monitoring some nuclear test events. The geodetic data has already been applied to the study of smaller earthquakes; hence more accurate shallow crust structure will be demanded for these events.
In this article, ground surface deformation is tested under different structure models, results of three typical sources show that sedimentary basin can greatly enlarge the horizontal surface displacement; especially when the very low sub-surface shear velocity layer exists, the amplitude increment can be as large as 90% compared with data recorded at rock sites. This fact begs caution for accuracy of shallow structure model when geodesy data is used for source inversion. We only use 1D model because they are applicable for events inside interior of geological block. But for many earthquakes which occurred on geological boundary, the 3D effects need to be investigated in the future.
